Abstract FdVI from Rhodobacter capsulatus is structurally related to a group of [2Fe-2S] ferredoxins involved in iron-sulfur cluster biosynthesis. Comparative genomics suggested that FdVI and orthologs found in a-Proteobacteria are involved in this process. Here, the crystal structure of FdVI has been determined for both the oxidized and the reduced protein. The [2Fe-2S] cluster lies 6 Å below the protein surface in a hydrophobic pocket without access to the solvent. This particular cluster environment might explain why the FdVI midpoint redox potential (À306 mV at pH 8.0) did not show temperature or ionic strength dependence. Besides the four cysteines that bind the cluster, FdVI features an extra cysteine which is located close to the S1 atom of the cluster and is oriented in a position such that its thiol group points towards the solvent. Upon reduction, the general fold of the polypeptide chain was almost unchanged. The [2Fe-2S] cluster underwent a conformational change from a planar to a distorted lozenge. In the vicinity of the cluster, the side chain of Met24 was rotated by 180°, bringing its S atom within hydrogen-bonding distance of the S2 atom of the cluster. The reduced molecule also featured a higher content of bound water molecules, and more extensive hydrogen-bonding networks compared with the oxidized molecule. The unique conformational changes observed in FdVI upon reduction are discussed in the light of structural studies performed on related ferredoxins.
Introduction
Ferredoxins (Fds) are small electron carrier proteins that participate in various redox reactions, and are widely distributed among all forms of living organisms. Soluble Fds containing one [2Fe-2S] cluster comprise two major groups, the plant-type and the vertebrate-type Fds, which exhibit distinctive biochemical and structural properties [1, 2] . Vertebrate-type Fds are exemplified by adrenodoxin (Adx), which is involved in steroid hormone biosynthesis in mammals [3] . Adx serves as an electron donor to two types of cytochrome P450 enzymes present in mitochondria of the adrenal cortex. Vertebrate Fds have homologous counterparts in bacteria, some of which are functionally associated with P450 enzymes [4, 5] .
Over the past 5 years, information available from the sequencing of complete genomes showed that vertebrate-type Fds are present in almost all living cells except in Archaea, suggesting that they might fulfill a more general function. Studies on prokaryotes belonging to the c-Proteobacteria, including Azotobacter vinelandii, Escherichia coli and Haemophilus influenzae, provided evidence that certain vertebrate-type Fds are responsible together with the iscS, iscU, iscA, hscB and hscA gene products for the formation and insertion of Fe-S clusters in proteins [6, 7] . Likewise, the mitochondrial Fd Yah1 from Saccharomyces cerevisiae was shown to be essential for the biogenesis of iron-sulfur proteins in yeast [8] . Although vertebrate-type Fds fulfill very diverse functions depending on the original host cells, sequence alignment highlighted several conserved features including the cluster-binding sequence, Cys-X 5 -Cys-XThr-Cys-X 36-38 -Cys [9] .
The crystal structure of a truncated form of a typical vertebrate Fd, bovine Adx, has been described [10] and a detailed structure-function analysis of Adx has been published by Grinberg et al. [9] . More recently, the Xray structures of putidaredoxin (Pdx) and the related bacterial Fd from E. coli (Fdx) have been reported [11, 12] . Although amino acid sequence comparisons showed only limited identities (e.g., 33% between Adx and Pdx), the structures of these proteins are very similar, especially in the core domain which contains the cluster [10, 12] .
In this report, we describe the X-ray structure of FdVI, a Fd from the photosynthetic bacterium Rhodobacter capsulatus (a-Proteobacteria). R. capsulatus synthesizes six Fds, three of which were found to contain a [2Fe-2S] cluster. Two Fds, designated FdIV and FdV, belong to the plant-type Fd subgroup and are involved in nitrogen fixation [13, 14] , while FdVI is related to the vertebrate category [15] . Genetic studies indicated that FdVI must play an essential role since disruption of its structural gene fdxE is lethal [16] . In a previous study, FdVI was overproduced in E. coli, allowing the recombinant Fd to be purified and crystallized [17] . Here, the crystal structure of FdVI was determined from X-ray diffraction data collected in the oxidized and partially reduced states, allowing a description at 2.0-Å resolution of structural changes occurring upon reduction. The significance of the redox-induced conformational changes observed in FdVI are discussed in the light of previous studies describing redox changes in related Fds.
Materials and methods

Purification and crystallization of FdVI
The purification and crystallization conditions of FdVI have been described previously [17] . Diffraction-quality crystals were obtained in two steps by vapor equilibration. In the first step, seed crystals were grown by the hanging drop method. Crystallization was performed with a 10 mg/ml protein solution buffered with 100 mM imidazole (pH 7.6) plus sodium formate to make the drop initially 5.4 M. The drop was then equilibrated against a solution of 7.0 M sodium formate containing 100 mM imidazole (pH 7.6) at 288 K. In a second step, the seed crystals were washed briefly in imidazole-buffered 3.5-4.2 M formate and were grown in a sitting drop as long red-brown prism-shaped needles, 0.4 mm· 0.1 mm· 0.05 mm in size, within 2-3 days. These crystals were sensitive to changes in temperature and were lost when exposed to temperatures above 293 K. The crystals were cryoprotected by a quick soak in 13% glycerol and were flash-frozen at 100 K in a cold N 2 stream generated by an Oxford Cryosystems apparatus.
Reduction of FdVI crystals
The following experiments were carried out in a glove box under anoxic conditions (less than 2 ppm O 2 ). Two different ways of producing crystals of reduced FdVI were implemented: either crystallization of the reduced protein, or soaking crystals of the oxidized protein in a reducing solution. The former was performed in formate-imidazole solution as described before except that 2 mM sodium dithionite (Fluka) was added to both the protein sample and the crystallization solution. The formate concentration was varied between 5 and 7 M at pH 7.6 and 7.8. Alternatively, oxidized crystals were soaked in a reducing solution consisting of the mother solution containing a slight excess of precipitant (7.3 M formate) and a variable concentration of dithionite. Reduced crystals were obtained after two successive soaks in 20 and 30 mM dithionite for 20 min each. The extent of reduction of the protein in the crystals was assessed by micro-spectrophotometry as described later. Reduced crystals were soaked in 13% glycerol and flashfrozen in liquid propane inside the glove box.
Analytical and spectroscopic methods
The concentration of R. capsulatus FdVI was determined from absorbance measurements at 416 nm using an absorption coefficient of 10 mM À1 cm À1 . UV-vis absorption, electron paramagnetic resonance (EPR) and circular dichroism spectroscopy were performed according to published procedures [13] . Micro-spectrophoto-metric analysis of FdVI crystals was carried out with a Cryobench apparatus allowing measurements with a thin light beam which was delivered through optical fibers [18] .
Determination of midpoint redox potentials
Redox titrations of R. capsulatus FdVI and Spirulina maxima Fd were carried out at room temperature under argon in tris(hydroxymethyl)aminomethane-HCl pH 8.0 buffer containing 42 lM protein. The purification of the sample of S. maxima Fd used in this study has been described previously [19] . The reduction of the protein was monitored by recording absorbance changes at 456 and 430 nm for FdVI and S. maxima Fd, respectively. Redox potentials were adjusted by stepwise additions of 10 mM sodium dithionite and were measured with a combined Pt-Ag/AgCl/KCl (3 M) microelectrode. Equilibrium with the electrode was achieved by adding the following mediators: phenosafranin (À255 mV), benzyl viologen (À350 mV) and methyl viologen (À440 mV), each at 2 lM concentration. The absorption of the mediators at 456 nm was negligible. Redox titrations were performed at two different ionic strengths: 0.1 and 1 M NaCl. A nonisothermal potentiometric device was used in temperature-dependence experiments. An optical cell containing the protein solution, a platinum Metrohm microelectrode and a calibrated thermocouple were placed in a variable temperature holder and the reference electrode was kept at 296 K. Under these conditions, the temperature coefficient dE o ¢/dT of the midpoint potential E o ¢ is directly proportional to the entropy variation DS of the redox couple studied [20] . All potential values are given with respect to the standard hydrogen electrode.
X-ray data collection and processing Diffraction data were collected on both oxidized and reduced crystals. Initially, a multiple anomalous dispersion (MAD) experiment at the iron absorption edge was carried out on two crystals of oxidized FdVI. From the first crystal, a fluorescence scan was recorded. The f¢ and f¢¢ values were calculated and plotted as a function of energy with the program CHOOCH [21] . From this plot, the inflection point and the peak of absorption were determined to be at 7.1198 and 7.1315 keV in energy, equivalent to 1.7414 and 1.7386 Å in wavelength, respectively. The high-energy remote was chosen at 8 keV (k=1.5498 Å ). X-ray diffraction data were recorded using a 3·3 mosaic CCD detector on the undulator beam line ID19 at the Advanced Photon Source (Argone National Laboratory, IL, USA) [22] . A 180°data set was collected at each wavelength with 2°oscillation images and 15-s exposure each. The crystal was mounted in a random orientation at a crystal-to-detector distance of 100 mm. As the crystal did not undergo detectable radiation damage, additional data were recorded to increase redundancy. The crystal belongs to the space group P2 1 2 1 2 1 with unit cell dimensions of a=45.34 Å , b=49.03 Å and c=54.91 Å . All diffraction data were reduced and scaled with the HKL2000 package [23, 24] .
The diffraction data for the reduced crystal were collected on the undulator beam line ID14 EH4 at the European Synchrotron Radiation Facility. A 100°data set was recorded at a wavelength of 0.98 Å with 1°o scillation steps. The data were processed as already described [24] . Data statistics are summarized in Table 1 .
Structure determination and refinement The program CNS [25] was used to carry out local scaling of the MAD data, perform automatic Patterson interpretations, locate the two iron scatterers present in the asymmetric unit, refine heavy-atom parameters and perform phase calculations. In the experimental map, most of the atomic model was built by the autotracing option of the Warp program [26] , whereas 11 residues (Pro33 to Asp36, Cys45 to His49, Trp56 to Asp58, Asp69 to Ile71 and Ile106) mainly in loops were built The structure of reduced FdVI was determined by molecular replacement with the AMoRE package [28] , using as a starting model the structure of the oxidized molecule, devoid of the cluster and the water molecules. The initial crystallographic R factor was 39.7%. The crystallographic model was refined to 2-Å resolution using the program CNS and the program O as described before. Strong electron density was observed above the sulfur atoms of the cluster early in the refinement. The simulated annealing omit map suggested a nonplanar conformation of the cluster. The cluster conformation was further refined according to the omit map by releasing all restraints on the cluster geometry. The positive and negative electron densities found around residues 44 and 24 were interpreted as second conformations of these residues.
After a final annealing cycle with the CNS program, the R and R free factors were 23.0 and 25.7%, respectively. The Ramachandran plot indicated that all residues were in the most favored or additional allowed regions with the exception of Ala44. The coordinates have been deposited in the Protein Data Bank as entry 1UWM. The refinement statistics of the models for the oxidized and reduced proteins are summarized in Table 2 .
Structure comparisons of [2Fe-2S] containing proteins
The root-mean-square (rms) deviations between structures were calculated using the MOE program (available at http://www.chemcomp.com). All structure superpositions were done using the lsqkab program from the CCP4 suite [29] .
Results and discussion
Comparative genomics indicate that FdVI and its orthologs in a-Proteobacteria and b-Proteobacteria are involved in Fe-S cluster biosynthesis According to the current annotation of the R. capsulatus genome (http://www.ergo.integratedgenomics.com/Genomes/R.capsulatus/proteins), there are six Fd-encoding genes in this bacterium. All these Fds have been previously characterized, and it clearly appears that FdVI is the only one to show properties similar to Fds known to be involved in the assembly of iron-sulfur clusters [15] . As exemplified by Fdx, these Fds share a Cys-X 3 -Cys-X 1 -Cys-X 2 -Cys cluster-binding motif, where the second cysteine, which is not a ligand of the [2Fe-S] cluster, has been put forward as a possible ligand for an iron or a sulfur atom [11] . PSI-BLAST searches for bacterial homologs of FdVI in the databases revealed a systematic occurrence of similar sequences in most Proteobacteria (purple bacteria and relatives). In some organisms such as Rhodopseudomonas palustris, paralogous [2Fe-2S] Fds were found, sharing the Cys-X 5 -Cys-X 2 -Cys motif common to vertebrate-type Fds. Using the STRING Web-interfaced software (http://www.bork.embl-heidelberg.de/STRING/) for predicting functional associations between gene products in whole genomes [30] , we analyzed, in the available genomes of Proteobacteria, the occurrence and neighborhood associations between the eight genes of the iscSUA-hscBA-fdx-ORF3 operon found in E. coli and A. vinelandii. The analysis showed that fdx genes from most c-Proteobacteria (Pseudomonas, Haemophilus, Escherichia) and b-Proteobacteria (Ralstonia, Chromobacterium) are clearly associated with iscSUA and/or hscBA genes involved in Fe-S cluster biosynthesis (Fig. S1 in supplementary material) . A few neighborhood associations are also observed in some aProteobacteria, but in most cases, the genes belonging to 
A random 5 and 10% subset of the data was used for the R free calculation, in the case of the oxidized and the reduced crystal, respectively the iscSUA-hscBA-fdx operon are scattered on the chromosome. Remarkably, most a-Proteobacteria genomes show only one isc-related fdx gene, as well as single copies of the iscSUA-and hscBA-related genes. In addition, a phylogenetic comparison of 37 vertebratetype Fd sequences showed a striking correlation between the sequence relatedness and the taxonomical relationship between microorganisms (data not shown). In this respect, FdVI appeared more closely related to Fds from other a-Proteobacteria than to Fds from b-Proteobacteria and c-Proteobacteria (Fig. 1) . These findings, together with the sequence alignments with bona fide isclinked Fds (Fig. 1) , support the idea that FdVI and its orthologs in a-Proteobacteria and b-Proteobacteria are involved in Fe-S cluster assembly, similar to their counterparts in c-Proteobacteria.
Circular dichroism and redox properties of FdVI
In a previous study, we demonstrated that the recombinant Fd considered here was indistinguishable from the native R. capsulatus FdVI, on the basis of UVvis and EPR spectroscopy, as well as mass spectrometric measurements [17] . The protein was further characterized by circular dichroism spectroscopy. The spectrum of FdVI was very similar to the spectra previously found for Adx, Pdx, Fdx and A. vinelandii FdIV [31, 32] (data not shown). It featured a shoulder at 450 nm and separate absorption bands in the 250-350-nm range which are typical of vertebrate-type Fds, and are not observed in the case of a representative plant-type Fd [33] . This result further confirms that FdVI belongs to the former class of [2Fe-2S] Fds.
Redox titrations of FdVI were first carried out at 296 K and at two different ionic strengths. The data were well fitted by a Nernst curve, yielding very similar midpoint potentials at 0.1 M NaCl [E o ¢=À306±5 mV) and at 1 M NaCl (E o ¢=À296±5 mV] (Fig. 2) . The midpoint potential of FdVI was also found to be essentially temperature-independent in the range 286-308 K (Fig. 2b) Secondary structures are shown as arrows (b-strands) and boxes (ahelices) above the sequence. Highly conserved residues are shown in bold letters and invariant residues are shaded. The vertical arrow points at a nonligand cysteine conserved in isc-linked Fds. RHOCA Rhodobacter capsulatus B10 FdVI (Fer6_RHOCA); CAUCR Caulobacter crescentus CB15 Fd2 (CC3524); SINME Sinorhizobium meliloti Fd (SMCO0192); RICPR Rickettsia prowazekii Fd (RP199); BRUME Brucella melitensis 16M Fd (BMEI0959); RALSO Ralstonia solanacearum GMI1000 Fd (RSC1025); NEIME Neisseria meningitidis MC58 Fd (NMA1344); PSEAE Pseudomonas aeruginosa PA01 Fd (PA3809); HAEIN Haemophilus influenzae Fd (HI0372); ECOLI Escherichia coli K12 Fd (B2525); AZOVI Azotobacter vinelandii Fd (T44286); SACCE Saccharomyces cerevisiae Yah1p (YPL252c) (residues 59-172); ADRED bovine adrenodoxin (BAA00362) (residues 4-108); PUTID putidaredoxin from Pseudomonas putida (P00259) observed for S. maxima Fd (Fig. 2b) 
Overall fold of FdVI
The structure of FdVI was determined from high-quality MAD data sets (Table 1) obtained from oxidized crystals. The crystallographic model was refined at 2.07-Å resolution to an R factor of 19.6% and an R free of 21.1%. As depicted in Fig. 3 , the FdVI polypeptide displayed the typical ab fold that was previously observed in other [2Fe-2S] Fds [2] , featuring a twisted sheet that consists of the four major b-strands, and one major a-helix adjacent to the sheet.
The polypeptide chain of FdVI is organized into a core domain which contains the cluster, and a large hairpin comprising residues between His49 and Leu84, which includes strand B3, and helices H2 and H3 (Fig. 3) . The large hairpin, which is later referred to as an interaction domain, was found to be more flexible than the core domain. Examination of the B factor distribution along the Ca main chain indicated that the interaction domain had a higher average value (32 Å 2 ) compared with the rest of the protein (28.1 Å 2 ) and with the overall structure (29.2 Å 2 ). Two extended hydrogen-bond networks between the core and the interaction domains significantly reduce the mobility of the latter. One of these networks is centered around His49 and involves Ser82 Oc-His49 Ne 2 and Arg83 O-Ala50 N which stabilize the B3 strand. The second network is organized around His100 and includes the following hydrogen bonds: Val98 O-Asp53 N, His100 N-Tyr51 O, His100 OTyr51 N and His100 Ne 2 -Asp53 Od 1 . Residues His49 and His100 form a hingelike device linking the core and interaction domains, which would make the molecule quite flexible, not taking into account the contribution of the hydrogen-bond networks. Furthermore, a hydrogen-bond network bridged by water molecules and involving residues 51 and 86, on the one hand and residues 87 and 62, 64, 66 and 67, on the other, further stabilizes the loop preceding helix H3.
Comparison with related [2Fe-2S] Fds
Overall rms deviations of 1.0, 2.0 and 2.4 Å were determined between the main-chain Ca atoms of FdVI and those of Pdx, Adx and Fdx, respectively. The largest differences were observed between the interaction domains, C-termini and loop regions. From the sequence alignment shown in Fig. 1 , there are 14 amino acid residues that are strictly invariant, four of which are the ligands Cys39, Cys45, Cys48 and Cys86 that link the [2Fe-2S] cluster to the protein (Fig. 3) . The remaining invariant residues, Gly20, Thr47, His49, Glu67, Ile71, the Ser82-Gln87 segment and Pro102 distinguish FdVI and homologous Fds from the plant-type Fds. Thr47 and His49 form with the ligand residue Cys48 a highly conserved pattern (Thr-Cys-His) among vertebrate-type Fds. Thr47 Oc 1 interacts through an OH-Sc bond with the Cys45 cluster ligand which might be relevant to protein stability as suggested from studies on variants of Adx obtained by site-directed mutagenesis [36] . In addition, the hydroxyl group of Thr47 is within hydrogen-bonding distance of the amide group of residues Ala37 and Asp38, a feature that is only observed in FdVI.
Like in other vertebrate-type Fds, residue Glu67 has an important role in FdVI as it forms a salt bridge with Arg83. Disruption of this salt bridge in human Fd through site-directed mutagenesis led to misfolding of the protein [37] , suggesting that such a salt bridge is essential for the correct folding of the Fds [9] . Furthermore, Glu67 O is bonded to Met70 N and Ile71 N, the latter residue being in turn linked to Ala74 through an Ile71 O-Ala74 N bond.
The Ser82-Gln87 segment around the fourth cysteine ligand is highly although not fully conserved among vertebrate-type Fds [9] (Fig. 1) . The hydrogen bond between Gln87 and Leu84 creates a hairpin loop that traps Cys86 in position. Also, the hydrogen bond between Gln87 Ne 2 and Cys86 Sc is a feature shared by all vertebrate Fds.
Pro102 is also conserved throughout this class of Fds. Like Thr47 already mentioned, Pro102 plays a key role in maintaining the 3D fold. It is involved in hydrogenbonding networks with neighboring residues Leu101 and Glu103. In the FdVI molecule, Pro102 is connected through a water bridge to residues Glu7 and His8, thus providing a link between the C and N termini. Furthermore, Pro102 is in contact with the aromatic polar residues His49, Tyr51 and Tyr75 providing additional links between the core and the interaction domains.
A further analysis of the interactions that might be important for the 3D folding highlights the role of several water molecules. Such buried water molecules may not only help in stabilizing the C-terminus and the interaction domain but may also contribute to the redox properties of the [2Fe-2S] cluster via the hydrogenbonding network that extends all the way from the cluster to the surface of the molecule.
The [2Fe-2S] cluster environment
The [2Fe-2S] cluster is located at the edge of the molecule and shows a general configuration remarkably similar to that found in Adx, Pdx and Fdx, featuring a unique amide-to-sulfur NH-S bond Gln87 Ne2-Cys86 Sc as well as the hydroxyl-to-sulfur OH-S bond between Thr47 Oc and Cys45 Sc. The plant-type Fds do not contain these two interactions.
The cluster lies 5-6 Å below the surface in a pocket delimited by residues forming the cluster-binding loop (Cys39 to Cys48), as well as by residues Met24, Met70 and Gln87. It is buried in a hydrophobic environment in which none of the cysteine ligands is in contact with the solvent. An internal channel lined by residues Gly40, Arg28, Glu25 and Asp29 would give S2 access to the solvent, if the passage were not obstructed by the Met24 Fig. 3 Ribbon representation of the FdVI protein structure in the oxidized (a) and reduced (b) states. The core and interaction domains are drawn in green and red, respectively. The [2Fe-2S] cluster is represented in a stick-and-ball mode (Fe and S atoms are shown in purple and yellow, respectively). The side chains of residues Met24, Met70, Cys43, His49 and His100 are shown. In the case of the reduced crystal, only the conformation which is thought to correspond to the fully reduced molecule is displayed. The figure was drawn using BOBSCRIPT [45] side chain. The low accessibility of the cluster to the solvent, which was also observed in Adx, contrasts with the situation found in plant-type Fds, as previously reported by Muller et al. [2] . Indeed, in Anabaena Fd as well as in related Fds, a funnel leads from the surface of the molecule to the vicinity of the cluster, resulting in the exposure of the Cys49 cluster ligand to the solvent. This difference in solvent accessibility established on the basis of structural grounds might explain why the midpoint redox potential of plant-type Fds is sensitive to temperature and changes of the solvent ionic strength, whereas that of vertebrate-type Fds is much less sensitive to such changes.
FdVI features one nonligand cysteine, Cys43, located in the cluster-binding loop preceding strand B3. An extra cysteine is present in the same position only in Fds involved in the biogenesis of Fe-S clusters, such as Fdx, while it is missing in Adx and Pdx (Fig. 1) . In FdVI, Cys43 makes bonds only with its neighboring residues Ala42 and Ala44. Examination of the Cys43 environment indicates that its side chain is in van der Waals contact with the side chain of Glu67 and the S1 atom of the [2Fe-2S] cluster. Interestingly, the side chain of Cys43 is oriented towards the protein surface so that its reactive thiol group is exposed to the solvent and surrounded by hydrophilic residues (Thr66, Glu67, Gln87) (Fig. 4) . A comparison of FdVI Cys43 with its counterpart in Fdx (Cys46) shows that they are located on the same side of the cluster, and that their thiol group is similarly pointed towards the solvent. In Fdx, Cys46 has been proposed to provide, through its thiol group, a potential ligand for a sulfur atom or an Fe 3+ ion, during the process of Fe-S cluster assembly [11] .
Charge distribution and interaction domain Overall, the electrostatic potential of the surface of FdVI is almost neutral (Fig. 5) , which results in a remarkably small dipole moment compared with dipole moments of most Fds. The asymmetric distribution of charges at the surface of [2Fe-2S] Fds, with more negative charges near the active site, is generally thought to favor the correct orientation of Fds while they are docking with their redox partner. Four acidic residues of Adx (Asp79, Asp76, Glu73 and Asp72) were shown to be involved in the interaction with cytochrome P450 [37] . Two of these residues, Asp76 and Asp79, are also required for the recognition of the reductase. In FdVI, only two of these negatively charged residues are conserved (Asp69/Asp72 in place of Asp76/Asp79 in Adx), whereas Pro65 and Thr66 replace Asp72 and Glu73 in Adx. A pair of aspartate residues in positions equivalent to Asp69 and Asp72 in FdVI is also encountered in most Fd sequences (Fig. 1) , including Fds thought to participate in ironsulfur cluster biosynthesis in c-Proteobacteria and yeast. A representative of this subclass of Fds, Fdx, displays on its surface numerous acidic residues which form two markedly negative patches on one side of the molecule [11] . In FdVI, most of the corresponding residues are replaced by hydrophobic or basic residues (Fig. 1) . In this respect, FdVI is similar to Pdx which also showed an atypical distribution of charges resulting in a neutral surface charge [12] . Pdx lacks the pair of Asp residues supposedly involved in the interaction with the reductase in other Fds. Instead, it was found that Glu72 and Cys73 were important for the interaction of Pdx with its cognate reductase, whereas Asp38 and Trp106 are re- Fig. 4 Closeup view of the polypeptide region surrounding Cys43 in FdVI. The [2Fe-2S] cluster, the polypeptide backbone of the core (green) and the interaction (red) domains, and the side chains of residues in close proximity to Cys43 are shown. Distances between Cys43 S and nearest atoms are indicated as broken lines: Cys43 S-Gln87 N, 4.1 Å ; Cys43 S-Gln87 O, 4.14 Å ; Cys43 S-Thr66 O, 3.82 Å ; Cys43 S-Glu67 O1, 6.16 Å ; Cys43 S-Glu67 O2, 6.91 Å . The figure was drawn with a modified version of MOLSCRIPT [45] and rendered with Raster 3D [46] quired for binding to the cytochrome P450cam [38] . Kinetics studies showed that the association of Pdx with the reductase was driven by nonelectrostatic interactions [39] .
Structural changes induced upon reduction EPR and spectrophotometric measurements showed that FdVI was readily and fully reduced by 2 mM dithionite when in solution in the crystallization buffer at a protein concentration around 0.5 mM (Fig. S2 in  supplementary material) . However, the reduced protein failed to crystallize when incubated under conditions similar to those promoting the crystallization of the oxidized form. As another option, oxidized crystals were soaked in a defined reducing solution and the extent of FdVI reduction was checked by micro-spectrophotometry. As illustrated in Fig. 6 , the spectrum of the reduced crystal exhibited a lower absorption in the range 380-650 nm and a prominent absorption band around 544 nm, similar to the reduced protein in solution (Fig. S2) . The A 414 /A 544 ratio, taken as an indicator of the extent of reduction, was calculated to be 2.80 and 1.30 for the oxidized and the reduced crystal, respectively. The corresponding values for the protein in solution were 2.65 for the oxidized and 1.60 for the fully reduced protein. While these data suggested that the Fd in the crystal underwent extensive reduction, accurate determination of the extent of reduction was precluded by the fact that the spectrum of the reduced crystal exhibited distinct features compared with that of the protein in solution, including the occurrence of an additional absorption band near 440 nm.
The structure of the reduced crystal was solved at 2.0-Å resolution. The fold of FdVI in the reduced crystal was found to be almost identical to that of the oxidized molecule, with an overall rms deviation of 0.9 Å . As shown in Fig. 4 , the largest differences between the reduced and oxidized molecules are observed in the interaction domain and in the vicinity of the cluster. Analysis of the density maps of the reduced crystal strongly suggested that the cluster underwent distortion. Density greater than 3r in the difference Fourier maps was detected near the cluster after one cycle of refinement, indicating that the cluster geometry changed from a planar to a distorted lozenge (Fig. 7) . Calculation of an omit map at this stage of the refinement confirmed the distortion of the cluster (Fig. S3  in supplementary material) . In the fully refined model, positive density was also observed above the S2 atom of the cluster, suggesting some dynamical disorder or an alternate conformation of the cluster. On the basis of the electron density maps, the S2 atom would occupy two positions 0.5 Å apart, which could result from a translation of this atom in a plane perpendicular to the cluster plane. In Fig. 7b and c, the S2 atom is shown in an average Optical absorption spectra of FdVI crystals. Spectra were recorded at 100 K on either an oxidized crystal (broken line) or a crystal reduced with dithionite (continuous line). The same reduced crystal was used for X-ray structural determination. The two spectra are presented with a vertical offset for the sake of clarity. Relevant absorption maxima are indicated Fig. 5 Distribution of electrostatic potentials on the surface of oxidized FdVI. Basic and acidic residues are shown in blue and red, respectively. The views shown in a and b were obtained by rotating the molecule by 180°around a vertical axis. The figure was drawn using GRASP [47] position which corresponds to a minimum of density in the difference Fourier map. Positive density was also detected in the vicinity of the S1 atom, suggesting a possible movement of this atom which could not be accurately determined at 2-Å resolution. Despite this conformational change, the Fe-S distances within the cluster underwent no significant variation ( Table 3) . Examination of difference F o ÀF c maps also indicated the presence of alternate conformations for two residues, Met24 and Ala44. One of the two conformations was virtually identical to that found in the oxidized crystal. In the other conformation, the side chain of Met24 underwent a 180°rotation, approaching the S2 atom of the cluster at 2.84 Å (Fig. 7b) . At the same time, the hydrogen bond between Met24 O and Arg28 N which was observed in the oxidized molecule was broken. This second conformation of Met24 accounted for about 40% of the molecules in the crystal.
In the oxidized Fd, the Ala44 CO pointed away from the cluster (CO out), whereas in the reduced crystal, Ala44 showed an additional conformation where the carbonyl came closer to the cluster S1 atom, at a distance of 3.9 Å (CO in). The CO-out and CO-in conformations had calculated occupation rates of about 60 and 40%, respectively, in the reduced crystal. In the COin conformation, the Ala44 carbonyl turned towards Met70, thus reducing the distance from Ala44 O to Met70 S from 4.7 to 3.0 Å . This conformational flip of the Ala44 carbonyl group was associated with higher B factors for neighboring residues. The alternate conformations of Met24 and Ala44 observed in the reduced crystal likely represent the main structural changes occurring in the vicinity of the cluster upon reduction.
When compared with oxidized FdVI, the reduced Fd was characterized by a higher level of hydrogen bonding, especially at the interface between the core and the interaction domains. Moreover, the reduced crystal showed a higher content of water molecules (Table 2) , many of which were involved in bridges linking distant residues. For example, in the reduced Fd, the C-terminal Leu101 residue is linked to the N-terminal His8 through two water molecules. An extension of the hydrogen-bonding network was also noticed around residues Arg28 and His49. In the reduced Fd, four water molecules were involved in links between Arg28 and residues Thr22, Glu25, Ala37 and Gly40, thereby stabilizing the helix H1 and the loop preceding b-strand B3. In the vicinity of His49, two new bonds linked Tyr75 O and Tyr75 N to His49 Nd1 through a water molecule, and another water molecule connected Gln105 to His49 and Tyr75. Taken together, the changes observed in the FdVI crystal upon reduction all contributed to decrease the flexibility of the protein and to tighten the molecular interaction between the core domain, the interaction domain and the C terminus. This is reflected by a lower average B factor found for the reduced crystal compared with the oxidized crystal. Similar differences in B factors were observed when comparing the data collected on three oxidized crystals with those obtained for another reduced crystal. [40] and Pdx [41] . As for FdVI, the redox-mediated changes were deduced from a comparison of the X-ray structures of the relevant proteins obtained from oxidized and reduced crystals. In the plant-type AnFd, reduction gave rise to relatively limited conformational changes around residues Cys46, Ser47 and Phe65 [40] . In the two vertebrate Fds considered here, structural changes included a movement of the cluster, conformational shifts of residues in the vicinity of the cluster and an extension of the hydrogen-bonding network linking the core and the interaction domains. The FdVI cluster switched from a planar to a distorted lozenge geometry, a conformational change that has not been observed in the Fds described so far. As the significance of this change is still unclear, it is worth noting that some [2Fe-2S] Fds, including AnFd, have been shown to harbor a nonplanar cluster [40] . In FdVI, two redox-induced conformational shifts occurred in the vicinity of the cluster, involving residues Ala44 and Met24. The movement of the Met24 side chain resulted in the Sd atom approaching the S2 atom of the cluster at less than 2.9 Å . The proximity of this electron-rich sulfur atom might stabilize the reduced state of the cluster or tune its redox potential by changing the electrostatic environment. The potential role of the Met24 residue in controlling the redox potential of FdVI can be investigated by amino acid substitution through site-directed mutagenesis. The flip of the Ala44 carbonyl, which points towards the cluster in the reduced state (CO in), is reminiscent of a similar carbonyl flip previously observed in Pdx and AnFd, with two important differences: in the latter case, the CO flip concerns the cysteine residue adjacent to Ala44, and the CO orientation is opposite, pointing outwards in the reduced state. In AnFd, the Cys46-Ser47 link lies in close contact with the Phe65 aromatic ring which plays a crucial role in electron transfer to the cognate reductase FNR. From this observation, it has been proposed that the carbonyl flip might trigger the dissociation of the AnFd-FNR complex after electron transfer [42] . In reduced Pdx, the conformational shift of the Cys45 carbonyl allows formation of a hydrogen bond between Ala46N and the S1 atom of the cluster, and initiates a readjustment leading to a tighter interaction between the cluster and the peptide shell [41] . In reduced FdVI, the corresponding carbonyl stayed in the CO-in orientation while the carbonyl of the preceding peptide bond turned to face Met70. Interestingly, Met70 occupies a position similar to Phe65 in AnFd, and given that Phe65 plays a critical role in the electron transfer to FNR, it is inferred that the CO switch of Ala44 might be involved in the interaction of FdVI with its natural partner.
FdVI reduction was also accompanied by an extension of the hydrogen-bond network which further rigidified the structure of the molecule and prevented movement between the core and the interaction domains. A similar increase of the intramolecular hydrogen bonding was observed in Pdx upon reduction, which not only stabilized the peptide binding loop around the cluster but also modified the surface area supposed to interact with cytochrome P450 [41] . In Adx, an NMR study showed that reduction induced conformational changes in the C-terminal region of the molecule, causing the dissociation of the dimeric oxidized form [43] . In another study, it was found that oxidized Adx was more dynamic than the reduced protein, and that His56, which lies at the interface between the core and the interaction domains, was required for the redox-dependent changes observed upon reduction [44] . Likewise, the His49 residue of FdVI, which occupies a position similar to His56 in Adx, was found to play a pivotal role in linking the core and the interaction domains and in stabilizing the reduced protein.
Despite obvious structural similarities between FdVI, Pdx and Adx, and to a lesser extent AnFd, the work described here and in previous studies [40, 41, 43] indicates that the three proteins exhibited clearly distinct behavior upon reduction. The observed differences likely reflect functional adaptation between each Fd and its cognate protein partners.
